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Equation Notations

NOTE: Consistent units are assumed throughout.

General Terms:

X = easting or X ordinate

y = northing or Y ordinate

h(x) = estimated elevation at location (x)

h(x,y) = estimated elevation at location (X,y)

m(x) = mean value at location (x)

m(x,y) = value of smoothly varying trend or drift at location (x,y)
€ (x) = error or residual at location (x)

€ (x,y) = residual from the drift at location (x,y)

a, b, c = regression coefficients for the linear drift

Point Sink/Source of Known Strength:

r = radial distance from the pumped well

T = pi(3.14159...)

R = radius of influence

Q = pumping rate

S = drawdown at radial distance r due to pumping at rate Q
T = aquifer transmissivity

Line Sink/Source of Known Strength:

L = length of the line sink/source

oL = discharge per-unit-length

Q = complex discharge potential

V4 = dimension-less complex variable

Al = complex ordinate of one end of the line sink/source

22 = complex ordinate of the other end of the line sink/source
z = x+ iy is the point where Z and Q are evaluated

Circular Source of Known Strength:

X, Y = ordinates of the center of the j" circular source

i = radius of point (x,y) from the center of the i circular source
R = radius of the j"" circular source

) = infinity
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Generalized Regression Equation:

d = regression coefficient for point sink/source drift term, if included
Qi() = drawdown factor due to the i sink/source at distance r

m

21: = summation from 1 to m where m= the number of point sink/sources
e = regression coefficient for line sink/source drift term, if included
Li(r) = drawdown factor due to the i"" line sink/source at distance, r

) .

z = summation from 1 to n where n=the number of line sink/sources
1

i = regression coefficient for circular source drift term, if included
Pi(r) = mounding factor due to the i™ circular source at distance r

o
Y = summation from 1 to o, where o = the number of circular sources
1

Particle Tracking:

V (x,y) = groundwater velocity
K = hydraulic conductivity
i = hydraulic gradient

ne = effective porosity
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1 Introduction

A variety of techniques exist for estimating the capture zone developed by one or more pumped wells,
including mass balance approaches, analytical and numerical models, and methods based on mapping of
measured water levels (Groundwater Contamination Optimal Capture and Containment [Gorelick

et al. 1993]; EPA/542/R-02-009, Elements for Effective Management of Operating Pump and Treat
Systems; EPA 600/R-08/003, A Systematic Approach for Evaluation of Capture Zones at Pump and Treat
Systems: A Final Project Report). Regardless of the approach used to infer capture, the analysis requires
some understanding of groundwater flow directions and rates, as well as the response of the aquifer to
pumping. This must be inferred directly or indirectly through measurements of groundwater levels. This
document describes a method for preparing groundwater-level maps that can improve the inference drawn
from those data that can be used to help estimate the extent of hydraulic capture developed by
groundwater pump-and-treat remedies.

1.1 Pump-and-Treat Design and Hydraulic Capture

Conventional pump-and-treat systems are based on the concept of extracting contaminated groundwater
for treatment at the surface. The treated water is typically returned to the aquifer via wells, or it is
discharged to a surface water body or sewer system. Pump-and-treat systems can be designed with the
objective of containment (when extraction rates are sufficient to prevent further migration and protect
potential receptors) and/or restoration (when extraction rates are typically more aggressive to achieve
aquifer cleanup) (Alternatives for Ground Water Cleanup [National Research Council 1994]; Overview of
Groundwater Remediation Technologies for MTBE and TBA [ITRC 2004]). One advantage of pump-
and-treat over some of the other remedies is the concept of hydraulic control (i.e., active pumping can
alter groundwater flow directions to prevent further migration of contaminants, providing some assurance
that potential impacts to human and/or ecological receptors can be mitigated or eliminated).

Principal questions to be answered in the design and optimization of pump-and-treat systems include the
following (modified after “Capture-Zone Type Curves: A Tool for Aquifer Cleanup” [Javandel and
Tsang 1986]):

e  What is the optimum number of pumping wells?
e  Where should each pumped well be located and screened?
e  What is the optimum pumping rate for each well?

These design variables are largely determined by first understanding the extent of the contaminated
groundwater, and then estimating the location and extent of the capture zone required to contain and
recover the contamination. The capture zone is defined by a three-dimensional, bounding surface that
divides groundwater that will ultimately be extracted by the pumping system from groundwater that will
not be extracted by the pumping system. The capture zone is a different concept to the “area of
influence” or “cone of depression,” which are generally used to describe the area (volume) of aquifer
where water levels change measurably in response to pumping.

Evaluation and optimization of an operating remedy typically focus on understanding and then improving
upon one or more features of the remedy (e.g., pumping rates) in order to accelerate the attainment of one
or more remediation goals (e.g., cleanup times) while reducing lifecycle costs. While formal optimization
techniques suitable for use with numerical models have been successfully applied to pump-and-treat
systems (Gorelick et al. 1993; “A Field Demonstration of the Simulation-Optimization Approach for
Remedial System Design” [Zheng and Wang 2002]; EPA/542/R-02-009), rigorous analysis of monitoring

11
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data (in particular, measured water levels) without the use of sophisticated models often complements or
verifies these analyses.

1.2  Various Roles of Water-Level Data

Water levels measured in wells are a common element of monitoring programs that are designed to infer
the performance of pump-and-treat remedies. Measured water levels may be used directly (e.g., to
calculate hydraulic gradients or to prepare potentiometric maps) or indirectly (e.g., to help calibrate the
parameters of a groundwater model). Measured water levels may also be used to prepare hydrographs to
evaluate time-varying responses of the aquifer and/or to estimate aquifer properties using methods such as
those described in Theory of Aquifer Tests (Ferris et al. 1962). The use of water levels beyond the
preparation of maps to estimate flow directions and rates, and to infer the extent of capture, are beyond
the scope of this document.

Maps of groundwater levels are often prepared to understand the approximate directions and rates of
groundwater flow, as well as the corresponding directions and rates of contaminant migration. Water-
level maps are sometimes prepared manually (i.e., hand-drawn) by an experienced hydrogeologist, or one
of a variety of automated interpolation techniques may be used. One advantage of hand-drawn maps is
that the hydrogeologist can impart knowledge of the physical setting in the mapping (e.g., the influence of
surface water bodies, and boundaries and other features on water levels), while most automated
interpolation techniques do not easily permit the enforcement of this kind of independent knowledge.
However, automated techniques can produce continuous maps (i.e., grids) that are more consistent and
reproducible between different analysts and different data sets, which mitigate some of the subjectivity
encountered with hand-drawn maps. Because of their continuous gridded (in-space) output, these
surfaces can also be used in particle-tracking analyses.

1.3  Objectives

This document describes a water-level mapping method for estimating the capture zone of pumped wells.
This is accomplished by presenting the theoretical basis of the mapping technique, as well as
recommendations for implementing the methods described herein. Methods for ensuring data quality and
the qualitative and quantitative methods for evaluating the reasonableness of results obtained using the
methods described are also discussed. The method enables an experienced hydrogeologist to impart
knowledge about some aspects of the physical setting (e.g., the location and rates of pumped wells) when
using an automated interpolation technique to prepare water-level maps. The method can be used to
evaluate large water-level data sets in a variety of settings. Using this method in the analysis of water-
level data can provide information on the performance of the pump-and-treat system and may constitute
one of multiple lines of evidence in the evaluation and optimization of remedy performance

(EPA 600/R-08/003).

The methods described herein are not suitable for use under all conditions. It is assumed that the
technique will be used by an experienced hydrogeologist, with detailed knowledge of the subject site, to
assist in preparing water-level maps. This document is intended to provide the hydrogeologist with
sufficient information to apply these methods to their site.

1.4 Document Content

Since the mapping method combines kriging with analytical expressions derived from the analytic
element method, Chapter 2 provides an overview of a variant of kriging referred to as “universal kriging,”
followed by an introduction to common analytic expressions that are used in the mapping analyses.
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Chapter 3 describes how particle tracking on the mapped water-level surfaces can be used to estimate
capture for one or more water-level data sets, and it summarizes some assumptions and limitations of this
approach. Chapter 3 also discusses some of the benefits and shortfalls of mapping and numerical
modeling techniques for evaluating the extent of capture, reinforcing the concept that multiple lines of
evidence should be used to estimate capture.

The discussion in Chapter 4 provides guidance for applying the techniques described, including the data
requirements and data processing, as well as interpretation of the results from a mapping analysis.
Chapter 5 discusses the spatial distribution of water-level monitoring locations, the monitoring of other
features (e.g., pumped wells), and monitoring frequency. Chapter 5 does not provide a comprehensive
strategy for designing monitoring programs; instead, it highlights some key elements that should be
considered when designing a monitoring program for purposes of evaluating hydraulic capture.

Field examples using these techniques are provided in Chapter 6. The conclusions are provided in
Chapter 7, and a list of the references cited in this document is included as Chapter 8.

1.5  Programs for Implementing the Methods Described

Programs that implement the methods described in this document are available free of charge from the
following website: http://www.sspa.com/KT3D_H20. This document does not describe these programs
in detail. The programs are distributed with documentation that includes a software user’s manual,

a discussion of the kriging theory, and a detailed discussion of particle-tracking techniques. Further
details on KT3D H2O are provided in “KT3D_H2O: Software for Kriging Water Level Data Using
Hydrologic Drift Terms” (Karanovic et al. 2009)

1-3
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2 Theoretical Development

This chapter provides an overview of kriging, as well as common analytic expressions that can readily be
combined with kriging. Brief discussions are presented on the use of image theory to depict lateral
boundaries, and also the implications of using the method for estimating regional hydraulic gradients.
Assumptions and limitations are also discussed.

21 Kriging

Kriging is often used to interpolate irregularly spaced measurement data to regular grids suitable for
contouring. One advantage of kriging over other interpolation methods is that, in the absence of
measurement error or replicates (co-located data), it is an exact interpolator (i.e., it matches, or honors, the
measured data). The following references, which are cited in this discussion, provide detailed discussion
of kriging:

e An Introduction to Applied Geostatistics (Isaacs and Srivastava 1989)
o Geostatistical Software Library and User’s Guide (Deutsch and Journel 1992)
o Geostatistics: Modeling Spatial Uncertainty (Chiles and Delfiner 1999).

2.1.1  Simple and Ordinary Kriging

Two popular forms of kriging employed for interpolating real-value data are simple kriging and ordinary
kriging. In simple kriging, the mean of the data, m, is assumed to be constant everywhere and its value
known a priori. In ordinary kriging, the mean is assumed to be unknown a priori and is estimated using
either all, or some, local (moving) neighborhood of the measured data. The methods described in this
document are based on a form of ordinary kriging that is commonly referred to as “universal kriging.”

2.1.2 Universal Kriging

In the most common implementation of ordinary kriging, the mean is assumed to be constant and
equivalent to the mean of the data where m = m(x). This ordinary kriging estimator, /(x), for water-level
estimation is illustrated in Equation 2-1 as the sum of two components (the mean and a zero-mean
residual):

h(x) = m(x) + &Xx) (Equation 2-1)
where g(x) is the error or residual from the mean.

Ordinary kriging can support a spatially varying mean, which is commonly described as a trend, or
“drift.” In this document the term “drift” is used synonymously with the term “trend” to describe

a pattern that has a deterministic source or can be approximated by deterministic means. The drift is often
a low-order linear function of the data ordinates (Deutsch and Journel 1992; “On the Use of a Main Trend
for the Kriging Technique in Hydrology” [Volpi and Gambolati 1978]). This kriging approach is
commonly referred to as universal kriging, and the drift is often determined as a linear combination of
known functions, where the coefficients are unknown a priori and are estimated as part of the kriging
process using the measured data (“Generalized Covariance Functions in Estimation”™ [Kitanidis 1993];
“Geostatistics: Interpolation and Inverse Problems” [Kitanidis 1999]). When a spatially varying mean is
incorporated within the universal kriging estimator to interpolate irregularly spaced data in two
dimensions, the kriging estimate is illustrated in Equation 2-2 as the sum of two components (the spatially
varying mean and a zero-mean error or residual):

2-1
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h(x,y) = m(x,y) + &x.,y) (Equation 2-2)

Where unidirectional groundwater flow exists, a condition that is often encountered in deep and/or
confined aquifers within regional aquifer settings (Kitanidis 1993), a linear drift is often suitable for
mapping groundwater levels. Kriging with a linear drift is available through popular programs such as
Surfer™ and TecPlot®. The universal kriging estimator for gridding water-level data in two dimensions
using linear drift is shown in Equation 2-3:

h(xy) =a+ bx +cy + &gxy) (Equation 2-3)

where a, b, and c are regression coefficients for the linear drift. The use of a linear drift alone may not be
appropriate in the presence of pumped wells and other stresses where local curvature of the
potentiometric surface occurs and/or where the aquifer is bounded laterally. In particular, when kriging
water levels in the vicinity of pumping wells, rivers, ponds, and trenches, departures from the underlying
linear drift are usually evident that correlate with areas of drawdown or mounding that result from
discharge or recharge and that illustrate weaknesses in the maps for interpreting groundwater flow
directions and rates.

Under these conditions and under certain assumptions, expressions that describe the response of
groundwater levels to deterministic forcing functions can be introduced into the mapping as drift terms.
Superposition and image theory can enable the incorporation of one or more drift terms and/or one or
more hydrologic boundaries within the kriging estimator. In so doing, maps can be prepared that respect
the measured data while incorporating independent information about stresses that produce known
patterns of response. This is accomplished by supplementing the universal kriging estimator (shown in
Equation 2-3) with additional drift terms. Three analytical expressions that are perhaps the most widely
applicable are described in the following section.

22 Common Analytic Expressions Used as Drift Terms

The drift terms discussed in this section describe changes in groundwater levels in response to three
commonly encountered, deterministic stresses have been developed, applied at a variety of sites, and
incorporated in the program KT3D H20.

221 Point Sink/Source of Known Strength

The “point sink/source of known strength” drift term is commonly used to represent a pumped
groundwater extraction or injection well. This drift term can be derived several ways. When first
introduced here, the drift term is derived from the Thiem equation. Later in this document, this drift term
will be derived from the Cooper-Jacob equation in order to illustrate the potential impacts of transient
conditions that are not considered in the Thiem equation.

The Thiem equation (Equation 2-4) states that pumping at a single well ultimately produce a concentric,
logarithmic, pattern of drawdown that is centered on the pumping well (Ferris et al. 1962):

S, = % logm(é) (Equation 2-4)

Surfer™ is a trademark of Environmental Systems Research Institute (ESRI), Redlands, California.
Tecplot® is a registered trademark of Tecplot, Inc., Bellevue, Washington.
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where (assuming consistent units):

..g
I

radial distance of the location from the pumped well

n = pi(3.14159...)

R = radius of influence of pumping

Q = pumping rate

s, = drawdown at radial distance r due to pumping at rate O
T = aquifer transmissivity.

Under certain assumptions, superposition can be used to sum the effect of multiple extracting or injecting
wells. The superposition of multiple point sinks/sources can be combined with the linear drift (described
in Equation 2-3), as shown in Equation 2-5 (“Kriging Water Levels with a Regional-Linear and Point-
Logarithmic Drift” [Tonkin and Larson 2002]; “A Simple Approach to Account for Radial Flow and
Boundary Conditions When Kriging Hydraulic Head Fields for Confined Aquifers” [Brochu and
Marcotte 2003]):

m

h(x,y)=a+bx +cy+ a’% Oi(r) + &lx,y) (Equation 2-5)
where:
d = regression coefficient pertaining to the point sink/source drift term
,1£ = summation from 1 to m, where m is the number of point sink/sources
Qi(r) = “drawdown or mounding factor” due to the i"™ sink/source at distance 7.

Equipotentials approaching a point sink or source are concentric about that point, in the absence of any
other influences or trends. They are circular and analogous to patterns of drawdown or mounding in
response to extraction or injection.

2.2.2 Line Sink/Source of Known Strength

The “line sink/source of known strength” drift term is commonly used to represent mounding or
drawdown of the water table in response to features such as infiltration galleries or interception trenches.
When used in mapping, the line sink/source can also be used under some circumstances to depict river
boundaries. The complex potential representing a line sink/source of known strength is shown in
Equations 2-6 and 2-7 (Groundwater Mechanics [Strack 1989]):

Q= ‘T—L((z +D)Ln(Z +1)—(Z -=1)Ln(Z -1))
4r (Equation 2-6)

7 2z—(zl+z2)

(22-21) (Equation 2-7)
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where (assuming consistent units):

oL = discharge per-unit-length

Q = complex discharge potential

Z = dimension-less complex variable (Strack 1989) -
zl = complex ordinate of one end of the line sink/source i
z2 = complex ordinate of the other end of the line sink/source .
z = x +iyis the point where Z and (2are evaluated.

Since ol (the discharge per unit length) is assumed to be constant (although unknown), the solution for 2
is linear and can be obtained through the universal kriging equations. The superposition of multiple line
sinks/sources can be combined with the linear drift and the point sink/source drift (Equation 2-8) as
follows:

h(xy) =a+bx+cy+ d% Qi(r) + e%L,-(r) + &x,y) (Equation 2-8)

®
Il

regression coefficient pertaining to the line sink/source drift term

o]
Il

summation from / to » where n = the number of line sink/sources

Lir) = “drawdown or mounding factor” due to the i line sink/source at distance, r.

The line sink/source is derived by integrating a line of point sink/sources (Strack 1989). Equipotentials
approaching a finite-length line sink/source are approximately parallel to that feature; however, finite-
length features exhibit curved equipotentials at each end. In the far field, the finite-length line sink/source
produces concentric equipotentials that converge asymptotically to those produced by a point sink/source
of the same total strength (i.e., discharge or recharge rate).

2.2.3 Circular Source of Known Strength

The “circular source of known strength” drift term is commonly used to represent the response of the
unconfined water table to recharge from a circular pond or perched basin. Mounding in response to
infiltration from a circular feature is shown in Equations 2-9 and 2-10 (Strack 1989):

For (0 <r; <R) (Equation 2-9)

G(x9y’xj’yjaRj)=—%[(x_xj)2 +()’_yj)2 +Rj2]

For (R, <1, < oo (Equation 2-10)

£ Ln (x_xj )2R+2(Y‘J’j )2

G(X,y,Xj,Yj,R)=— 4
J
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where (assuming consistent units):

X;y; = ordinates of the center of the j" circular source

rj = radius of point (x,y) from the center of the " circular source
Rj = radius of the i circular source

oo = infinity.

Strictly, this element cannot be used to represent a penetrating (gaining) circular pit or large-diameter well
because the head within such a feature would be uniform rather than variable (as described in

Equation 2-9). However, if the feature is relatively small and/or the background gradient within the
aquifer (described by the second and third terms of Equation 2-8) is relatively low, then a close
approximation to a penetrating (gaining) circular pit or large-diameter well can be obtained by setting

2
= —4]—for(0 <r <R
in Equation 2-9.

The superposition of multiple circular sources can be combined with the linear drift, the point sink/source
drift, and the line sink/source drift (described by Equation 2-8), resulting in the following (Equation 2-1 1)
as a basis for mapping measured water-level data:

m n 0
h(x,y) =a+bx +cy+ dfll Oi(r) + e%Lj(r) + fLPy(r) + &xy) (Equation 2-11)
1
where:
f = regression coefficient pertaining to the circular source drift term
2 : : :
I = summation from 1 to o, where o is the number of circular sources
P(r) = “drawdown or mounding factor” due to the i circular source at distance r.
224 Summary

The expressions described by Equation 2-4 for the point sink/source, Equations 2-6 and 2-7 for the line
sink/source, and Equations 2-9 and 2-10 for the circular source contain variables that might typically be
assumed constant for a given mapping problem (e.g., transmissivity) and variables that are known to
change depending on the component of the drift term. For example, the extraction rate may differ at each
pumped well, and the radius (r;) will change depending on the ordinates (x,y) of the node at which the
kriging estimate is required. In formulating Equations 2-5, 2-8, and 2-11, the variables that are constant
for each drift term lie outside of the summation, while variables that can change for each drift term lie
inside the summation. Tonkin and Larson (2002) and Brochu and Marcotte (2003) describe how the
universal kriging method might be used to infer bulk aquifer properties from the coefficients obtained by
fitting Equation 2-5, 2-8, or 2-11 to the measured data. However, this document focuses on the
preparation of maps rather than on this potential role in estimating bulk aquifer properties.

Finally, Equation 2-11 depicts the grouping of like stresses within a single drift term. For example,
according to Equation 2-11, all line sinks/sources are grouped within a single term:

(e%L(r[)).
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However, this is short-hand notation and not a limitation of the method, which allows similar drift terms
to be grouped quite arbitrarily, enabling the experienced hydrogeologist to incorporate his/her
understanding of the conceptual site model in the drift term definition. For example, separate drift terms
may be specified for two line sinks that are believed to exhibit different per-unit-length exchange rates
with the groundwater system, or separate drift terms may be specified for two wells that are believed to be
screened within aquifer units that exhibit different transmissivities and for which it would be appropriate
to obtain different regression coefficients.

2.3 Lateral Boundaries

The following discussion focuses on point sinks/sources, but it applies equally to the linear and circular
elements described above.

The presence of impermeable (no-flow) or zero-drawdown (constant-head) lateral boundaries violates one
of the key assumptions underlying the analytical expressions described above (i.e., that the aquifer in
question is of infinite areal extent). The method of images can be used to represent the effect of certain
relatively simple boundaries. In the case of point sinks/sources, this is accomplished through the
specification of imaginary, or image point sinks/sources, that reproduce the effect of the boundary(ies)
within the mapped domain (Ferris et al. 1962; “The Principal of Superposition and Its Application in
Ground-Water Hydraulics” [Reilly et al. 1987]; Strack 1989). For example, for a single extraction well
pumping in an aquifer bounded on one side by an impermeable (i.e., no-flow) boundary, the effect of the
boundary is mimicked using a single image well located outside of the aquifer, equidistant from the
impermeable boundary, which possesses an analogous strength (discharge rate) to the true extraction well.
The same general approach is true for the linear and circular elements.

Defining the location(s) and rate(s) for multiple elements to represent the effects of a single impermeable
or zero-drawdown boundary is straightforward. This can also be easily extended to two parallel
boundaries. Ferris et al. (1962) illustrate that in the presence of parallel boundaries, the effect of each
image well that is added to compensate for the first boundary must be compensated for by adding
complementary image wells in the second boundary. This compensation continues ad infinitum, forming
an asymptotic series. The apparent convergence of this series is problem-specific (i.e., it can depend on
the number and strength of the stress[es], the proximity of the boundaries, the purpose of the mapping,
and the accuracy that is required). Regardless, manual calculation of an image well series beyond the first
image set can be tedious, and using a program to calculate the reflection matrix for parallel boundaries
and determine a specified number of image sets is most appropriate.

The application of image theory is complex in the presence of multiple boundaries, particularly if these
boundaries are of mixed type (i.e., impermeable and zero-drawdown boundaries) and/or are not parallel
(Reilly et al. 1987).

24  Regional Hydraulic Gradient

Accurate estimates of the background or regional hydraulic gradient are important where independent
methods (e.g., the relationships presented in Section 4.3) will be used to estimate or verify the extent of
capture, where compliance objectives for the remedy include restrictions on wider area gradient changes,
and/or when using water-level maps to define the lateral boundaries of a numerical groundwater flow
model.

Tonkin and Larson (2002) use a synthetic example to illustrate that in the presence of singularities
(e.g., pumped wells), kriging using a linear drift (as described by Equation 2-3), may calculate an
erroneous background or regional hydraulic gradient that is biased by the (justifiable) preferential location

2-6

e ———eeees
e ——




SGW-42305, REV. 0

of monitoring wells near the pumped wells. Tonkin and Larson (2002) suggest that including appropriate
drift terms can improve the estimate of the background hydraulic gradient. They show that on such
occasions, the surface obtained using a linear drift is “muted,” while use of the appropriate drift(s)
produces the characteristic curvature approaching pumped wells while converging asymptotically on the
background gradient at some distance from the drift(s) (Figures 2-1 and 2-2). In the ideal hypothetical
example, the coefficients of the fitted linear drift obtained using Equations 2-3 and 2-5 differed
considerably, and the trend coefficients (b and ¢) obtained using Equation 2-3 were about one-half of the
true (in that case, known) coefficients.

2.5 Assumptions and Limitations

Appendix A describes verifications of the method implementation for each of the analytic expressions
included in Equation 2-11. The discussion in Appendix A demonstrates that under ideal circumstances,
incorporating these drift terms within universal kriging can accurately reproduce the potentiometric
surface. However, ideal circumstances are rarely encountered and, as a result, the use of the mapping
methods requires an understanding of the assumptions and limitations that are described in the following
sections.

251 Assumptions
2.5.1.1  Point Sink/Source of Known Strength

Since the point sink/source can be derived from the Thiem or Cooper-Jacob equations, the assumptions
that are common to these equations are implicit in the mapping technique, principally as follows
(Engineering Hydraulics: Proceedings of Fourth Hydraulics Conference [Rouse 1949]):

e The aquifer is homogeneous, isotropic, and of infinite areal extent.

e The aquifer is confined so the transmissivity is uniform and unchanging. If the aquifer is unconfined,
drawdowns should be a reasonably small fraction of the aquifer saturated thickness.

e The pumping well penetrates and receives water from the entire saturated thickness of the aquifer
(i.e., the well is not partially penetrating).

In addition to these common assumptions, the following assumption, applicable to the Theim equation
alone, applies:

e The drawdown and/or mounding has/have reached a (quasi-) steady-state condition. If this is not the
case, the rate of change in hydraulic gradients should approach zero.

With regard partially penetrating wells, “Variations in Capture Zone Geometry of Partially Penetrating
Wells in Unconfined Aquifers” (Bair and Lahm 1996) presents empirical evaluation of the effect of
partial penetration on capture zone dimensions, while “Hydrodynamics of the Capture Zone of a Partially
Penetrating Well in a Confined Aquifer” (Faybishenko et al. 1995), “Determining 3D Capture Zones in
Homogeneous, Anisotropic Aquifers” (Schafer 1996), and Analytic Element Modeling of Ground-Water
Flow and High Performance Computing (EPA/600/S-00/001) describe the geometry of capture zones
developed by partially penetrating wells. While not directly applicable to water-level mapping, these
studies provide indication of the likely impact of partial penetration on estimating capture zones.

With regard to the final assumption (i.e., the attainment of [quasi-] steady-state conditions), it is
instructive to examine the Cooper-Jacob equation to assess when and to what degree this assumption may
affect the water-level mapping technique.
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The Cooper-Jacob equation is often illustrated as shown in Equation 2-13:

0 [2.25Tt
,=——In
AnT r2S

s

(Equation 2-13)
Equation 2-13 can also be presented as shown in Equation 2-14:
0 (. (2251t 1 A
i H(h{ 5 ]+ln(r—2n (Equation 2-14)

Using the rule of logarithms, the second term in parenthesis in Equation 2-14 can also be illustrated as
-2In(r) (i.e., negative 2 times the logarithm of the separation distance). The first term in parenthesis in
Equation 2-14 is a function of the logarithm of time (transmissivity and the reciprocal of storage) and is
independent of the distance from the pumped well. The second term in parenthesis in the equation is
solely a function of the logarithm of distance from the pumped well (which is consistent with

Equation 2-4).

Under the assumption that all pumped wells commenced operations simultaneously, at any time, # (the
first term in parenthesis in Equation 2-14), applies equally throughout the mapped area as a vertical offset.
Since the drift described by Equation 2-11 is assumed to apply to the entire data set (i.e., local data
neighborhoods are not typically used with universal kriging), the regression coefficients of Equation 2-11
are calculated from a global estimation of /(x,y). As such, the vertical offset described by the first term of
Equation 2-14 is subsumed within the regression coefficient (a) of Equation 2-11. This suggests that the
mapping technique may produce reasonable depictions of the potentiometric surface relatively soon after
the start of pumping (consistent with the assumptions of the Cooper-Jacob equation) and from that time
forward, if the remaining assumptions are reasonably adhered to. An empirical evaluation of this
assumption is also presented in Appendix B.

2.5.1.2  Line Sink/Source of Known Strength

The line sink/source is derived by integrating a line of point sinks/sources within a system that exhibits
Dupuit-Forshheimer flow (Strack 1989). The assumptions that underlie the Thiem equation are implicit
in the use of this drift term within the mapping technique, as described for the point sink/source. In
keeping with the conditions encountered within unconfined aquifers, Dupuit-Forschheimer flow does not
necessarily assume a constant transmissivity (Analytic Element of Modeling of Groundwater Flow
[Haitjema 1995]). However, the effect of changing transmissivity is typically negligible, as long as the
saturated thickness does not change substantially (“Hydraulics of Wells” [Hantush 1964]).

2.5.1.3  Circular Source of Known Strength

Use of the circular source drift term assumes local infiltration of water and shallow, unconfined flow
rather than confined flow (as is assumed for the point sink/source). Consistent with the Dupuit-
Forschheimer assumption, it is assumed that vertical components of flow are negligible. As a result, the
assumptions underlying the use of the circular source are essentially analogous to the assumptions
underlying use of the point sink/source. Consistent with the line sink/source of known strength, the effect
of changing transmissivity is typically negligible, as long as the saturated thickness does not change
substantially (Hantush 1964).
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2.5.2 Limitations

In general terms, the closer that the conditions encountered at the site adhere to the assumptions listed
above (i.e., the more ideal the site), the more reliable the results obtained using the mapping method
described. This can be considered qualitatively in the context of two end-member sites. Typically the
conditions encountered at real-world sites will lie somewhere between these end members.

At the first site, the aquifer is unconfined and the pumped wells in question penetrate the full saturated
thickness of the aquifer. The hydraulic conductivity is relatively homogeneous and isotropic, and the
distribution of monitoring wells at which water levels are recorded is relatively dense. Under these
circumstances, the combination of the close adherence to the underlying assumptions and the control
provided by the large number of monitoring wells leads to maps that accurately depict groundwater flow
directions and rates, as well as the extents of capture. For this end member, the methods described
certainly offer an alternative to (or could supplement) the use of a numerical model for inferring the
extent of capture. This is particularly the case because a large number of water-level data sets can be
mapped relatively easily and rapidly using the methods described (see Section 3.2).

At the second site, the aquifer is unconfined and receives substantial distributed recharge. The pumped
wells in question penetrate a small fraction of the full saturated thickness of the aquifer, and drawdown is
a relatively large fraction of this thickness. The hyd